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Abstract
We consider the production of spin 3
2
quarks in hadron-hadron and photon-photon
colliders. The cross sections at LHC energy is large enough to observe such exotic quarks
up to a mass of a few TeV.
I Introduction
The recent discovery of the top quark at the Fermilab Tevatron, both by the CDF
and D0 Collaboration has filled the last missing ingredient in the fermionic sector of the
Standard Model (SM). The measured mass and the cross section values are in agreement
with those expected from the Standard Model. With the luminosity and/or energy
upgrade of the Tevatron collider and with the commissioning of the LHC, we will be
able to explore the missing bosonic ingredient of the SM, namely the Higgs boson. We
will also be able to explore the presence of heavy 4th generation fermions and also other
exotic gauge bosons and fermions. In this work we consider the production of such an
exotic particle, namely a spin 3
2
quark. Just like an ordinary quark, we assume it to be
a color triplet.
It is not outside the realm of possibility that a spin 3
2
quark could exist as a funda-
mental particle. We could also have spin 3
2
bound states of ordinary quarks with gluons
or the Higgs boson. There are also theoretical models in which spin 3
2
quarks arise as
bound states of three heavy quarks for sufficiently strong Yukawa couplings [1]. The
masses of these bound states are typically expected to be a few TeV. A heavy spin 3
2
quark could also exist as the lightest Regge recurrences of light spin 1
2
quarks. These
also could exist as Kaluza-Klein modes in string theory if one or more of the compacti-
fication radii is of the order of the weak scale rather than the Planck scale. Such weak
compactification in the framework of both string theory or field theory has recently been
popular [2]. In this work, we restrict ourselves to the collider production of point-like
spin 3
2
color triplet quarks, in pp , pp¯ and γγ colliders. The production of spin 3
2
quarks
has been previously considered by Moussallam and Soni for hadronic collisions [3]. Our
analytical results for the gluon fusion subprocess is in disagreement with theirs.
Our paper is organized as follows. In section II, we give the Lagrangian and the
Feynman rules relevent for the production of spin 3
2
quarks in hadron-hadron and photon-
photon colliders. In section III, we give the analytic formulae for the various subprocess
cross sections and also the total cross sections for the pp and pp¯ colliders. In section IV
we give the results for the photon-photon colliders. Section V contains our conclusions.
II Feynman Rules for Spin 3
2
Particles
The Lagrangian and the equations of motion for a free spin 3
2
particle of mass M
can be written as [5, 6]
L = ψ¯αΛαβ ψβ (1)
Λαβ ψβ = 0 (2)
where
Λαβ = (i∂/−M)gαβ + iA(γα∂β + γβ∂α)
+
iB
2
γα ∂/ γβ + CM γαγβ (3)
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with B ≡ 3A2 + 2A + 1 and C ≡ 3A2 + 3A + 1. The parameter A is arbitrary except
that A 6= −1
2
. The field ψα satisfies the subsidiary conditions
γα ψα = 0 (4)
∂α ψα = 0 . (5)
The Lagrangian (1) is invariant under the point transformation [6, 7]
ψα → ψ′α = ψα + dγαγλψλ (6)
A→ A′ = A− 2d
1 + 4d
(7)
where d is an arbitrary parameter except d 6= −1
4
.The propagator Sαβ(p) is given by
Sαβ(p) =
1
p/−M
[
gαβ − 1
3
γαγβ − 2
3M2
pα pβ
− 1
3M
(γαpβ − γβpα)
]
+
{
a2
6M2
p/γαγβ − ab
3M
γαγβ
+
a
3M2
γα pβ +
ab
3M2
γβpα
}
(8)
where
a =
A+ 1
2A+ 1
, b ≡ A
2A+ 1
.
Note that the terms depending on the parameter A disappear on the mass shell. Pasca-
lutsa has proposed that the spin 3
2
field ψα can be redefined so that all the A dependent
terms can be absorbed in the definition of ψα and no explicit A dependence appears
in the propagator [8]. In our calculation, as an additional check, we used the general
A dependent propagator given by (8) since the cross sections or any physical quantity
is independent of A. Moussallam and Soni took A = −1. The interaction Lagrangian
for the color triplet spin 3
2
quarks with the gluons or photon is obatined by using the
minimal substitution in (1).
LI = gψ¯α
(
B
2
γαγµγβ +Agαµγβ +Aγαgµβ + gβαγµ
)
TaψβA
a
µ (9)
where g is the gauge coupling constant, Taare the group generators and A
a
µ are the gauge
fields.
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III Calculation of Cross Sections for Hadron Col-
liders
In this section, we calculate the cross sections for the processes
p¯p→ QQ¯+ anything (10)
and
pp→ QQ¯+ anything (11)
where Q represents the spin 3
2
quark.
The subprocesses contributing to both reactions (10) and (11) are
g + g → QQ¯ (12)
and
q + q¯ → QQ¯ . (13)
The Feynman diagrams contributing to the gluon-gluon (gg) and quark-antiquark (qq¯)
subprocess are shown in fig. 1. The amplitudes for the t, u and s-channels are
Mt = g
2u¯ρ(p) (γµgρα +Aγαgµρ)Taǫµa(k){
1
p/− k/ −M
[
gαβ − 1
3
γαγβ − 2
3M2
(p− k)α(p− k)β
− 1
3M
(
γα(p− k)β − γβ(p − k)α
)]
+
a2
6M2
( p/− k/)γαγβ − ab
3M
γαγβ
+
a
3M2
γα(p− k)β + ab
3M2
γβ(p − k)α
}
(
γνgβσ +Aγβgσν
)
Tbǫνb(k
′)vσ(p′) (14)
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Mu = g
2u¯ρ(p) (γνgρα +Aγαgνρ)Tbǫνb(k
′){[
gαβ − 1
3
γαγβ − 2
3M2
(k − p′)α(k − p′)β
+
1
3M
(
γα(k − p′)β − γβ(k − p′)α
) ] 1
k/− p/′ −M
+
a2
6M2
( k/ − p/′)γαγβ − ab
3M
γαγβ
+
a
3M2
γα(k − p′)β + ab
3M2
γβ(k − p′)α
}
(γµgβσ +Aγβgσµ)Taǫµa(k)v
σ (15)
Ms = −g2ifabc u¯ρ(p)γαTavρ(p′) 1
sˆ
ǫµb(k)ǫνc(k
′)[
(2k + k′)νgµα − (k + 2k′)µgνα + (k′ − k)αgµν
]
. (16)
We point out here that although Mt and Mu depends on the contact transformation
parameter A,
∑ |M2t | and ∑ |M2u | and all the cross terms are separately independent of
A. Mt, Mu and Ms satisfy the appropriate gauge invariance conditions. The amplitude
for the quark subprocess (13) is given by
Mq = −ig2 1
sˆ
u¯α(p)Taγ
µvα(p
′) u¯(p1)γµv(p2) . (17)
Using (12)–(16), the total cross section for the gluon-gluon subprocess is obtained to be
σˆ(gg → QQ¯) = πα
2
s
116, 640sˆ
{
60 ln
1 + β
1− β
[
66 y2 + 8y
+886 + 5, 184
1
y
+ 1, 296
1
y2
]
+β
[
24 y4 + 1, 178 y3 − 13, 626 y2 + 11, 380 y
−97, 200 − 602, 640 1
y
]}
(18)
where αs ≡ g2/4π and y ≡ sˆ/M2 and β ≡
√
1− 4/y . Most of the coefficients in (18)
are in disagreement with those of Eq. (14) of Moussallam and Soni [3]; only the first
and last term in the first square bracket and the first term in the second square bracket
agree. A preliminary version of this paper was sent to the authors of ref. [3]. Professor
5
B. Moussallam has informed us that he has found an algebraic error in their calculations.
After correcting for that error, their new results agree with our equation (18) above [4].
For the quark-antiquark subprocess, the total cross section is
σˆ(qq¯ → QQ¯) = πα
2
s
81sˆ
β
[
8
3
y2 − 16
3
y − 16
3
+ 96
1
y
]
. (19)
This quark antiquark subprocess was not calculated in Ref. 2.
The total cross sections for the processes (10) and (11) are obtained by folding in the
appropriate quark, antiquark and gluon distributions. We have used the distributions
produced by the CTEQ Collaboration evaluated at q2 = M2.
In Fig. 2, we give the contributions to the cross section for spin 3
2
quark (Q) pair
production at the Tevatron (pp¯,
√
s = 1.8 TeV) due to the gluon-gluon and quark-
antiquark subprocesses and also the total cross section. As expected, at this energy, the
cross section is dominated by the quark-antiquark subprocess. The results for the TeV
2000 (pp¯,
√
s = 4 TeV) is shown in Fig. 3.
At LHC (pp,
√
s = 14 TeV), QQ¯ pairs can be copiously produced. The total cross
sections, the gluon-gluon contributions and quark-antiquark contributions are shown in
Fig. 4 for M = 200 GeV to 1000 GeV. As expected, at LHC, the cross sections are
dominated the gluon gluon contributions. For M = 200 GeV, the total cross section σ
is 5.6× 104 pb, while for M = 1 TeV, σ = 0.90 pb. With the projected luminosity [9] of
1.0× 1034cm−2 sec−1, we shall have about 20 billion QQ¯ events for M = 200 GeV and
about 300,000 for M = 1 TeV.
IV Production in Photon-Photon Collisions
In photon-photon collisons, only the t and u-channel of fig. 1 contribute for the QQ¯
pair production. For the total cross section, we obtain
σ(γγ → QQ¯) = πα
2
1215 sˆ
{
60 ln
1 + β
1− β
[
15y2 − 8y − 22
+648
1
y
− 1, 296 1
y2
]
+ β
[
3 y4 + 136 y3 − 2, 772 y2
+6, 080 y − 9, 720 − 38, 880 1
y
]}
(20)
where α is the fine structure constant to be evaluated at q2 = M2.
6
The results for the total cross sections for M = 200 GeV to 1 TeV are given in fig.
5 for
√
s from 500 GeV to 2.5 TeV.
Concluding Discussion
We have calculated the production of exotic spin 3
2
color triplet quarks at high energy
hadronic and photon-photon colliders. At LHC, the cross sections are very large and
such a particle of mass up to 1 TeV will be copicously produced. At the upgraded
Tevatron, the cross sections are somewhat smaller but still could be observable if the
mass is 200 GeV or smaller. We have also calculated the production cross sections for
photon-photon collisions at various center of mass energies.
In writing the interaction (9), we have assumed that the spin 3
2
quarks are point like.
As a result, at very high energy, our cross sections grow like s3. This will violate tree
unitarity for large enough s and so the higher order corrections to our tree diagrams
will be important at large s. We have taken the point of view that (9) represents an
effective interaction, and at very high energy, the cross section will be damped due to
some form factors. As a result our cross sections are probably over estimated. Also, in
order to detect the signals for the spin 3
2
quark production, we need to know how the
particles decay. We have not discussed signals here, since it is addressed in Ref. 2.
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Figure Captions
[Fig 1] The tree diagrams for the sub-processes that contribute to the production of
heavy spin 3
2
quark pairs in pp and p¯p collisions.
[Fig 2] The cross section as a function of mass for spin 3
2
quark pairs at the Tevatron
(
√
s = 1.8 TeV) showing the quark-quark contribution (top line) and the
gluon-gluon contribution (bottom line). The top line is also the total cross
section.
[Fig 3] The spin 3
2
quark pair cross section as a function of mass at TeV 2000 (
√
s = 4
TeV). The middle line is the quark-anti-quark contribution. The bottom, the
gluon-gluon contribution. The top line is the total.
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[Fig 4] The spin 3
2
quark pair cross section as a function of mass at LHC (
√
s = 14
TeV). The middle line is the gluon-gluon contribution. The bottom line is
the quark anti-quark contribution. The top line is the total.
[Fig 5] The spin 3
2
quark pair cross section for photon-photon reactions for different
center of mass energies as a function of the spin 3
2
quark mass.
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LHC:  P+P+(14,000)==>Q+Q- (FIG 4)
Spin 3/2 Quark Mass(GeV)
200 400 600 800 1000 1200 1400 1600 1800 2000
Cr
os
s 
Se
ct
io
n(p
b)
10-4
10-3
10-2
10-1
100
101
102
103
104
105
106
TEVATRON:   P+P
_(1800 GeV)==>Q+Q_ (FIG 2)
Spin 3/2 Quark Mass(GeV)
200 300 400
Cr
os
s 
Se
ct
io
n(p
b)
10-4
10-3
10-2
10-1
100
101
102
TeV 2000:  P+P-(4000 GeV)==>Q+Q- (FIG 3)
Spin 3/2 Quark Mass(GeV)
200 400 600 800 1000
Cr
os
s 
Se
ct
io
n(p
b)
10-6
10-5
10-4
10-3
10-2
10-1
100
101
102
103
